Evidence has been presented' for the accumulation of a double-stranded replicative form of MS2 RNA in vivo, following infection of Escherichia coli with MS2 phage, and for the identity of this material with the double-stranded RNA which is labeled in vitro with radioactive carbon2 on incubation of CL4-labeled ribonucleoside triphosphates with RNA synthetase.3 The present paper is concerned with a new method for the partial purification of RNA synthetase, the properties of theenzyme, and the mechanism of synthesis of MS2 RNA. The results suggest that RNA synthetase is purified as a holoenzyme in association with its natural template, the double-stranded replicative form of MS2 RNA, and show that on incubation with labeled nucleoside triphosphates most of the radioactivity introduced into double-stranded material is present as parental type, "plus" MS2 RNA strands. The enzymatic replication of viral RNA is thus conclusively demonstrated for the first time.
Evidence has been presented' for the accumulation of a double-stranded replicative form of MS2 RNA in vivo, following infection of Escherichia coli with MS2 phage, and for the identity of this material with the double-stranded RNA which is labeled in vitro with radioactive carbon2 on incubation of CL4-labeled ribonucleoside triphosphates with RNA synthetase.3 The present paper is concerned with a new method for the partial purification of RNA synthetase, the properties of theenzyme, and the mechanism of synthesis of MS2 RNA. The results suggest that RNA synthetase is purified as a holoenzyme in association with its natural template, the double-stranded replicative form of MS2 RNA, and show that on incubation with labeled nucleoside triphosphates most of the radioactivity introduced into double-stranded material is present as parental type, "plus" MS2 RNA strands. The enzymatic replication of viral RNA is thus conclusively demonstrated for the first time.
Methods and Preparations.-Those not already described in the preceding paper' were as follows.
(1) Assay of RNA synthetase: The assay was performed as described previously3 except that the reaction mixture contained 50 miimoles of nucleoside triphosphates in 0.2 ml and that incubations were carried out for 5 min at 37°. Specific activity is expressed as mnumoles of radioactive nucleotide incorporated/min/mg protein. (2) Assay of DNA-dependent RNA-nucleotidyl transferase in the presence of RNA synthetase: The assay medium was the same as that used for RNA synthetase, but without DNAase and with 60 ,gg of calf thymus DNA added. The incubation was carried out for 5 min at 37°. Step 1: Extraction: To 40-50 gm of frozen, chopped, MS2-infected E. coli were added 20 ml of standard buffer (10 mM Tris-HCl, pH 8, 1 mM EDTA, 3 mM MgCl2, 5 mM mercaptoethylamine) and 150 gm (dry weight) of Superbrite glass beads, previously washed with standard buffer and not dried. The mixture was homogenized in the 400-ml container of a Servall Omni-Mixer at low speed in an ice bath until the cells were thawed. Homogenization was then continued in an ethanol-ice bath at -5°for 15 min with the powerstat set at 45 (max. = 100). After allowing the glass beads to settle, the supernatant was decanted, diluted to about 250 ml with standard buffer containing 5 ,sg of DNAase/ml, and centrifuged for 30 min at 27,000 g. The supernatant was adjusted to pH 6.5 with 0.2 M sodium acetate buffer, pH 5.0. It contained 7-10 mg of protein/ml.
Step 2: First Mg fractionation: MgCl2, 1.0 M, was added to the crude extract to a final concentration of 0.035 M. After 5 min at 00 the mixture was centrifuged for 20 min at 31,000 g, and the supernatant discarded. The precipitate was dissolved in 90 ml of Tris-EDTA buffer (0.02 M Tris-HCl, 0.002 M EDTA, adjusted to pH 8.2), and the pH of the solution which should then be 7.6-7.9 was rechecked and adjusted if necessary. The solution was centrifuged for 20 min at 31,000 g, and the supernatant carefully drawn off.
Step 3: Second Mg fractionation: To 90 ml of the step 2 preparation 1/lo of its volume of 1 M MgCl2 was added. After 5 min the mixture was centrifuged for 20 min at 31,000 g, and the supernatant discarded. The precipitate was dissolved in 70 ml of Tris-EDTA buffer and recentrifuged as above. The supernatant was carefully drawn off.
Step 4: Ammonium sulfate fractionation: To the step 3 preparation was added 1/lo volume of 1 M MgCl2; after 5 min, solid ammonium sulfate was added to 20% saturation. The precipitate was immediately collected by centrifuging for 20 min at 35,000 g and dissolved in 10 ml of 0.02 M Tris-HCl, pH 7.2. The preparation was immediately frozen in small portions and stored at -12°.
(5) RNAase-resistant product of RNA synthetase: Synthetase product, prepared as described before,2 containing 43.5 mjumoles of radioactive nucleotides (62,000 cpm) and 6.5 Amoles of total RNA (as mononucleotide) in 2 ml of 0.15 M NaCl-0.015 M sodium citrate, pH 7, was incubated for 30 min at 250 with 135 gAg of RNAase/ml. The digest was extracted four times with two volumes of 80% phenol. Care was taken to decant the aqueous layers without contamination by the phenol phase. After exhaustive ether extraction, the material was dialyzed for 12 hr against 1 liter of 0.2 M NaCl-0.05 M Tris-HCl, pH 7.2, and 6 hr against three changes of 1 liter of 0.01 M Tris-HC1, pH 7.2. It was then filtered through a short (0.5 X 2 cm) column of Carboxymethyl Sephadex, to remove traces of RNAase, and concentrated to 2 ml in a stream of nitrogen at room temperature. The preparation contained 16 mgmoles of newly synthesized RNA (22,900 cpm) and 1.5 jymoles of total nucleotides (over 80% acid-soluble but nondialyzable, cf. Schmidt-). 84% of the radioactive RNA was resistant to RNAase.
Results.-Properties of RNA synthetase: The previously described preparation of the enzyme starting from lysates of infected E. coli protoplasts3 proved cumbersome on a large scale, and the purification method could not be adapted for use with extracts of infected whole cells. A new procedure was therefore worked out as described in the section on Methods. A summary of this purification procedure is given in Table 1 . As previously pointed out,3 the RNA synthetase activity in the preparations thus far obtained can I)e largely sediniented on centrifugation for 2 hr at 105,000 g and appears therefore to be associated with large molecules or particles. It may be noted in this connection that the RNA content/mg of protein increased threefold (Table 1 , column 5) on purification. Mvost of this RNA is probably RNA in ribosomes or of ribosomal origin but, as may be seen in the last column of Table 1 , purification of the enzyme brought about a more pronounced increase of the content of double-stranded replicative form of MS2 RNA/mg protein, that was roughly parallel to the increase in the specific activity of the enzyme. Evidence will be presented in the next section that, on incubation with the enzyme, radioactivity from ribonucleoside triphosphates is inserted predominantly into the "plus" strands of an MS2 RNA duplex, presumably as the result of an asymmetric, semiconservative mechanism of replication for which the duplex, i.e., the replicative form of the viral RNA, serves as a template. This fact and the parallel increase in replicative form on purification suggest that the enzyme has been isolated as a holoenzyme with the replicative form tightly bound to the protein. The step 4 enzyme lost 10-20 per cent of its activity on freezing and thawing; it lost activity at the rate of 5-10 per cent per week on storage at -120. As reported for the earlier preparations' addition of high molecular weight MS2 RNA or of actinomycin D (20 yg/ml) did not affect the activity of the enzyme. The activity of the step 4 enzyme was the same whether in the absence or presence of 0.1 M orthophosphate, indicating that polynucleotide phosphorylase did not contribute to the incorporation of nucleotides under the conditions of the synthetase assay. Mforeover, the step 4 enzyme was free of DNA-dependent RNA-nucleotidyl transferase. In an assay with UTP-C14 as the labeled nucleotide, the incorporation of radioactivity into acid-insoluble material was 152 cpm in the presence of DNAase and 154 cpm in the absence of DNAase and with 60 1Ag of calf thymus DNA added. Table 2 shows that even small amounts of RNA-nucleotidyl transferase can be detected in the presence of the step 4 enzyme just mentioned. 4 , except that the extract was treated with 0.1 rather than 5 pug of DNAase/ml. All assays were performed with 60 pg of added calf thymus DNA with UTP-C14 (specific radioactivity, 1237 cpm/mgmole) as the labeled nucleotide.
With step 4 enzyme all four nucleotides were incorporated at about the same rate into an acid-insoluble product. As previously reported, about half of the radioactive material was susceptible to hydrolysis by RNAase, while the remainder was resistant to RNAase and was identified as double-stranded RNA.2 Analysis of the total radioactive product, isolated by phenol extraction and ethanol precipitation, gave base ratios6 similar to those reported for MS2 RNA. 7 Synthesis of MS2 RNA on incubation of labeled nucleoside triphosphates with RNA synthetase: Since about one half of the radioactive RNA formed enzymatically (synthetase product) was present as double-stranded RNA,2 identical in thermal denaturation profile, Tm value, and buoyant density in Cs2SO4 to the replicative form of MS2 RNA,I it was of interest to determine directly whether the duplex contained radioactive, "plus" MS2 RNA in one of its complementary strands. This would indicate the occurrence of a synthetase-catalyzed replication of the viral RNA. For this purpose a specific dilution test was devised, based on thermal denaturation of the labeled duplex and reannealing in the presence of cold "plus" MS2 RNA.
As previously shown,2 heating of concentrated solutions of the RNAase-resistant, double-stranded fraction of the synthetase product over the melting point, followed by slow cooling results in extensive reannealing. When thermal denaturation is carried out in the presence of added cold MS2 RNA, any C14-labeled MS2 "plus" strands present in the sample will mix with, and be diluted by, the cold MS2 RNA and, upon reannealing, there will be a decrease in the radioactivity of the resulting RNAase-resistant product. At "infinitely" high concentrations of cold MS2 RNA, the amount of radioactive material displaced from the duplex, i.e., rendered RNAasesensitive as compared to a nonheated control, should correspond to the total amount of newly synthesized, C14-labeled "plus" strands originally present in the duplex. Clearly, only an RNA with the same base sequence as the displaced radioactive strands could successfully compete for, and anneal with, their complementary strands, thereby giving the dilution effect. Figure 1 shows that only MS2 RNA but not ribosomal, soluble, or TIIV-RNA displaced radioactivity from the doublestranded synthetase product. When P32-labeled rather than cold MS2 RNA was used, C14 radioactivity was displaced from, and p32 radioactivity inserted into, double- * The composition and treatment of the samples were the same as in Fig. 1 (curve labeled MS2 RNA) , except that increasing amounts of P32-labeled rather than cold MS2 RNA were used. stranded synthetase product upon thermal denaturation and subsequent reannealing ( Table 3 ).
The total amount of radioactive "plus" strands in the RNAase-resistant fraction of the synthetase product can be calculated from the results of a dilution assay through extrapolation of the amount of added, cold MS2 RNA to infinite concentration as follows. If m* = radioactive "minus" strands; m = cold "minus" strands; p* = radioactive "plus" strands; p = cold "plus" strands; d* = radioactive double-stranded RNA; a = added cold MS2 RNA; and k = equilibrium constant, then equation (5) can be derived from equation (4) [a] , and the intercept with the Y axis should correspond to the total amount of nondisplaceable radioactivity, probably newly synthesized "minus" strands, in the RNAase-resistant synthetase product.
The inset of Figure 1 shows a plot of [d*] versus 1/ [a] from an experiment identical to that of the lower curve in the main figure except for the further addition of 0.03 ,g of P32-labeled MS2 RNA (parental type "plus" strands) prior to heating and reannealing. The experiment shows that parental type, cold ("plus") MS2 RNA competes to the same extent with the C'4-and the P32-labeled single strands during reannealing as shown by the parallel dilution curves of the C14 (upper curve) and p32 (lower curve) labels. This demonstrates that, upon thermal denaturation, all three species of single RNA strands, CL4-labeled, P32-labeled, and cold, form a common pool and are therefore identical. Thus, the C'L4-labeled strands derived from the synthetase product in this pool must be "plus" strands. It may be seen that whereas the C14 curve of the inset extrapolates to a value above zero, giving the amount of nondisplaceable CL4-labeled material, probably "minus" strands, originally present in the double-stranded fraction of the synthetase product, the p32 curve extrapolates to zero since there were no P32-labeled "minus" strands Discussion.-Evidence has been presented in this paper that partially purified RNA synthetase synthesizes MS2 RNA of the parental type ("plus" strands) in vitro without the addition of exogenous primers. The enzyme is purified along with the double-stranded replicative form of MS2 RNA,' originally present in the extract, and on incubation with C'4-labeled ribonucleoside triphosphates about half of the radioactivity incorporated into acid-insoluble products is present in double-stranded RNA.1 2 The amount of double-stranded material thus labeled is a relatively small fraction (about one fiftieth) of the total replicative form in the enzyme preparation. It appears that RNA synthetase is isolated as a holoenzyme with the doublestranded replicative form of MS2 RNA as its template or coenzyme moiety. Up to 85 percent of the radioactivity incorporated into the double-stranded material is present as parental type, "plus" MS2 RNA strands. This was established by means of a specific dilution test based on the principles of thermal denaturation and annealing originally developed by Marmur and Doty.8 Probably the new "plus" strands formed by the action of the enzyme displace their counterparts from the double-stranded template. A similar, semiconservative mechanism has been proposed by Chamberlin and Berg9 for the reaction catalyzed by RNA-nucleotidyl transferase (RNA polymerase) with RNA-DNA hybrid as primer. The asymmetric character of the in vitro synthesis of MS2 RNA is in line with the in vivo synthesis of RNA by RNA polymerase, whereby only one strand of the DNA duplex is transcribed,'0-12 and is in contrast to the results commonly obtained with purified enzyme in vitro when both strands of the added DNA primer are copied.'3, 14 When the separate components of the RNA polymerase system are mixed, random orientation of the enzyme toward the polar (antiparallel) double-stranded DNA template may allow for either of the two strands to be transcribed with equal
